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The  chemisorption  of  1-octanethiol  [CHb(CH2)6CH2SH  ]  from  the  vapor  phase  on  the  GaN(0001)-(l  x 
1)  surface  has  been  studied  using  X-ray  photoemission,  ultraviolet  photoemission,  and  X-ray-excited  Auger 
electron  spectroscopies.  Quantitative  analysis  of  relative  peak  intensities  indicates  that  the  molecule 
adsorbs  via  thethiol  group  with  a  saturation  coverage  of  ~0.28  monolayers  and  with  thealkyl  chain  lying 
essentially  parallel  to  the  surface.  Upon  annealing,  most  of  the  alkyl  C  desorbs  by  ~350  °C,  but  most  of 
the  S  remains.  Little  or  no  indication  of  X-ray-induced  damage  in  the  adsorbed  thiol  layer  is  seen  during 
data  collection. 


Introduction 

The  adsorption  of  n-alkanethiols  on  metal  and  semi¬ 
conductor  substrates  has  been  extensively  studied1-4  in 
the  context  of  well-ordered,  self-assembled  monolayers 
(SAMs)  and  as  models  for  ordered  organic  surfaces.  H  ere, 
we  consider  thiol  adsorption  on  the  relatively  new,  wide¬ 
band-gap  semiconductor  (£g  =  3.4  eV)  GaN.  In  addition 
to  the  many  well-known* 1 2 3 4 5  applications  for  such  hybrid 
organic/semiconductor  interfaces,  there  are  further  rea¬ 
sons  for  interest  in  this  system. 

F  i  rst,  thechemistry  needed  to  "functional  ize"(i  .e.,  attach 
organic  I  i  gands  to)  the  GaN  (0001)-(1  x  1)  surface  is  sti  1 1 
being  developed.6  On  the  basis  of  the  high  reactivity  of 
H20  with  this  surface,7 8  organic  alcohols  are  expected  to 
chemisorb  readily,  although  nostudies  have  been  reported. 
Thiols,  beingchemicallysimilartoalcohols,  areof  interest 
as  a  potential  means  to  achieve  such  functionalization. 
Second,  adsorbed  S  is  known  to  beeffectivein  passivating 
surfaces  of  III -V  materials,  including  GaN  (e.g.,  ref  8). 
Adsorption  of  organosulfur  compounds,  together  with 
thermal9  or  photochemical10  dissociation,  may  provide  a 
simple,  vacuum-compatible  method  for  deliveringStothe 
GaN  surface.  Third,  n-alkanethiols  have  been  shown11  to 
be  useful  in  modifying  metal/GaAs(100)  barrier  heights, 
wh  i  ch  may  be  a  vi  a  bl  e  approach  to  I  ower  i  ng  the  resi  stance 
of  metal/p-GaN  contacts.  The  structure  of  the  film,  such 
as  the  tilt  angle  of  thethiol  chain  relative  to  the  surface 
normal  (which  determines  the  effective  thickness),  is 
important  in  such  applications. 

Wehaveapproached  th  i  s  probl  em  as  oneof  quanti  tati  ve 
surfaceanalysis  in  ultrahigh  vacuum  (U  H  V)  becausewet- 
chemical  techniques  for  producing  atomically  clean,  stable. 


*  Phone:  +1-202-767-6728.  E-mail:  bermudez(§estd. nrl.navy.mil. 

(1)  Dubois,  L.  H .;  N  uzzo,  R.  G.Annu.  Rev.  Phys.  Chem.  1992, 43, 437. 

(2)  Ulman,  A.  Chem.  Rev.  1996,  96,  1533. 

(3)  Poirier,  G.  E.  Chan.  Rev.  1997,  97,  1117. 

(4)  Schreiber,  F.  Prog.  Surf.  Sci.  2000,  65,  151. 

(5)  Swalen,  J  .  D.;  Allara,  D.  L.;  Andrade,  J  .  D.;  Chandross,  E.  A.; 
Garoff,  S.;  I sraelachvili,  J  .;  McCarthy,  T.  J  .;  M urray,  R .;  Pease,  R.  F.; 
Rabolt,  J  .  F.;  Wynne,  K.  J  .;  Yu,  H.  Langmuir  1987,  3,  932. 

(6)  Bermudez,  V.  M.  Surf.  Sci.  2002,  499,  109;  (b)  Surf.  Sci.  2002, 
499,  124;  (c)  Surf.  Sci.  2002,  519,  173. 

(7)  Bermudez,  V.  M.;  Long,  J  .  P.  Surf.  Sci.  2000,  450,  98. 

(8)  Martinez,  G.  L.;  Curiel,  M.  R.;  Skromme,  B.  J  .;  Molnar,  R.  J  .J  . 
Electron.  Mata-.  2000,  29,  325. 

(9)  Camillone,  N . ,  1 1 1 ;  Khan,  K.  A.;  Osgood,  R.  M.,J  r .Surf.  Sci.  2000, 
453,  83. 

(10)  Conrad,  S.;  Mullins,  D.  R.;  Xin,  Q.-S.;  Zhu,  X.-Y .Appl.  Surf.  Sci. 
1996,  107,  145. 

(11)  Nakagawa.O. S.; Ashok.S.; Sheen, C.  W.;  Martensson.J  Allara, 

D.L.J  pn.J  .  Appl.  Phys.  1991,  30,  3759. 


and  well -characterized  GaN  (0001)  surfaces  are  not  yet 
available.  It  is  recognized  that  adsorption  of  n-alkanethiols 
from  the  vapor  phase  may  not  produce  the  well-ordered 
SAMs  formed  by  adsorption  from  liquids.12  Nevertheless, 
many  of  the  applications  envisioned  for  thiols  on  GaN 
involve  adsorption  under  vacuum  conditions.  Further¬ 
more,  then-alkanethiol/GaN  system  is  especially  inter¬ 
esting  for  this  kind  of  study  because  the  C  KLL  and  N 
K  L  L  features  i  n  X-ray-excited  Auger  electron  spectroscopy 
(XAES)  are  well -separated  yet  occur  in  a  kinetic  energy 
(KE)  region  of  fairly  high  surface  sensitivity  (200-400 
eV).  Flence,  the  relative  intensities  can  be  used  for 
structuredetermi  nation,  oncetheadsorbatecoveragehas 
been  obtained.  Other  substrates  often  used  for  SAMs(e.g., 
Au)  do  not  exhibit  similar  conveniently  placed  XAES 
features  of  sufficient  intensity. 

Experimental  Section 

1.  Reagents  and  Sample  Preparation.  1-Octanethiol 
[1-OT,  CH3(CH2)6CH2SFI]  was  obtained  commercially  (Sigma- 
Aldrich,  nominally  98.5%  pure).  The  as-received  reagent  was 
checked  by  comparing  the  infrared  spectrum  (400-4000  cirr1) 
of  a  0. 1-mm-thi  ck  I  i  qui  d  fi  I  m  (between  K  B  r  pi  ates)  with  reference 
data.13  1-OT  was  dried  on  an  activated  molecular  sieve  and 
degassed  by  repeated  freeze- pump-thaw  (FPT)  cycles  with 
freezing  being  done  at  dry-ice  temperature.  It  was  contained  in 
a  gl  ass  bul  b  (shi  el  ded  from  ambi  ent  I  i  ght)  on  the  dosi  ng  manifol  d, 
and  a  single  FPT  cycle  was  done  at  the  start  of  each  experiment 
to  remove  any  FI  2S  that  mi  ght  ari  se  from  possi  bl  e  si  ow  decom- 
position.14The  1-OT  room-temperature  vapor  pressure  is  ~430 
mTorr,  as  was  measured  using  the  capacitance  manometer  on 
thedosi  ng  mani  fol  d.  The  GaN  sampl  e  and  the  surface  preparati  on 
method  were  the  same  as  those  used  in  an  earlier  study7  of  FI2O 
adsorpti  on .  After  cool  i  ng  to  <  50  °C  fol  I  owi  ng  anneal  i  ng,  thecl  ean 
sample  was  exposed  to  1-OT  using  a  pinholedoser.  During  and 
after  exposurethe  chamber  vi  ew  ports  were  covered  and  the  nude 
ionization  gauge  was  switched  off  to  avoid  possible  excitation  of 
the  reagent  vapor  or  the  adsorbate. 

2.  Spectroscopic  Techniques.  All  experiments  were  per¬ 
formed  in  a  standard  U  HV  chamber  (base  pressure^  5  x  10~n 
Torr).  For  XAES  and  X-ray  photoemission  spectroscopy  (XPS), 
the  excitation  source  (not  monochromated)  was  either  the  Mg 
Kai,2  line(hv=  1253.6  eV)  or  the Al  Kai,2line(/iv  =  1486.6eV). 
B  ecause  of  the  rel  evance  to  consi  derati  ons  of  possi  bl  e  damage  of 
the  thiol  layer  during  XPS  (see  the  following),  details  of  the 
Physical  Electronics  Model  04-548  source  are  given  here.  The 
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Figure  1.  XPS  spectra  for  a  sampleafter  a  saturation  dose  of 
1-OT.  Part  a  shows  the  raw  data,  and  part  b  shows  the  result 
of  aTougaard  two-parameter  background  correction  (see text) 
with  6  =  2886  and  C  =  1634  eV2.  The  relative  intensities  in 
parts  a  and  barenot  quantitative,  and  both  have  been  subjected 
to  fifth-order,  nine-point  polynomial  smoothing.  The  box 
encloses  the  S(2s)  and  Ga(LiM45M45)  features  shown  in  more 
detai  I  i  n  F  igure  2.  The  arrow  i  ndi  cates  the  Ga(3d)  peak  excited 
by  Ka  emission  from  an  Mg  impurity  in  theAl  anode. 

anode,  operated  at  15  kV  and  300  W,  was  equipped  with  a  2-/<m- 
thickAI  foil  window  and  positioned  ~5  cm  from  the  sample.The 
X-ray  beam  was  i  nci  dent  at  ~60°  rel  ati  ve  to  the  sampl  e  normal , 
and  the  absorbed  flux  was  estimated15  to  be  about  2.1  x  1012 
photons/(cm2-s).  For  ultraviolet  photoemission  spectroscopy 
(UPS),  the  source  was  a  direct  current  discharge  in  Fie  gas,  and 
the  absorbed  flux15  was  ~3.3  x  108  photons/(cm2-s).  Electron 
energy  analysis  was  done  with  a  double-pass  cylindrical  mirror 
analyzer  (CMA)  in  the  constant-resolution  mode.  Theresolution 
was  ~1.60  eV  for  XAES  and  ~1.75  eV  for  XPS  (including  the 
effect  of  finite  X-ray  line  width).  The  UPS  resolution  was  ~0.40 
eV,  determined  largely  by  theCM  A.  Except  where  noted,  methods 
involving  electron  excitation  were  avoided  after  thiol  adsorption 
because  of  the  susceptibility  of  these  species  to  damage  by  the 
primary  beam  (ref  16  and  works  cited). 

Results  and  Discussion 

1.  XPS  and  XAES  Data.  Figure  la  shows  an  XPS 
spectrum  after  a  saturation  dose  (see  below)  of  1-OT. 
Adsorption  occurs  via  the  — SH  group,  as  was  expected, 
because equi  valent  doses  of  hydrocarbons  such  as  ethane 
(C2H6),  ethylene(C2Fl4),  or  benzene  (C6H6)  gavenoC(ls) 
signal  above  the  noise  level  (not  shown).  As  in  other  XPS 
data17'18  for  adsorbed  1-OT,  the  S(2s)  and  S(2p)  peaks  are 
weak  relative  to  the  C(ls).  TheS(2s)  (Figure  2)  lies  just 
abovetheGa(LiM45M45)  peak  resultingfrom  Auger  decay 
of  the  photoionized  Ga(2s)  level  [binding  energy  (BE)  « 
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Figure  2.  Theregion  consisting  of  theGa  LiM45M45  XAES  and 
S(2s)  XPS  peaks,  before  and  after  dosing  with  1-OT. 
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Figure  3.  Similar  to  Figure  1  but  showing  theC  KLL  and  N 
KLL  XAES  structure.  Part  a  shows  the  raw  data,  and  part  b 
shows  the  result  of  a  Tougaard  three-parameter  background 
correction  with  6  =  415,  C  =  551,  and  D  =  436  eV2.  The  data 
have  been  subjected  to  fifth-order,  nine-point  polynomial 
smoothing.  The  feature  near  320  eV  is  an  artifact. 

1299  eV ] .  1 1  i s  noted  that  theGa(L  iM  45M  45)  energy  of  1243 
eV  differs  slightly  from  the  empirical  esti  mate19  of  1251 
eV  in  elemental  Ga.  Based  on  theS  2s-2p  BE  difference 
of  ~68eV,  theS(2p)  lies  on  thehigh-KE  edge  of  the  Ga- 
(3s).  Figure  3a  shows  the  corresponding  C  KLL  and  N 
KLL  XAES  data.  A  detailed  study  of  the  adsorbate 
coverage  versus  the  dose  was  not  done,  but  the  typical 
dose  of  ~  6  x  1016  molecules/cm2  was  more  than  sufficient 
for  quasi -saturation  because  the  initial  rapid  uptake  of 
1-OT  was  complete  at  a  much  smaller  dose.  In  terms  of 
thelangmuir  unit  (1  langmuir  =  10~6Torr-s),  commonly 
used  in  exposure  by  backfilling,  a  1-OT  exposure  of  1 
langmuir  would  correspond20  to  a  dose  of  1.59  x  1014 
molecules/cm2. 
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The  C(ls)  XPS  spectrum  showed  no  evidence  of  fine 
structure  resulting  from  chemically  distinct  C  atoms. 
Likewise,  the  Mg  Ka-excited  Ga(2p)  and  N(ls)  XPS  (not 
shown)  and  the  N  KLL  XAES  data  revealed  no  changes 
due  to  1-OT.  These  null  results  parallel  those  for  other 
organic  adsorbates6  on  this  surface.  The  data  were 
examined  for  loss  of  C  due  to  damage  by  X-rays  or  by 
secondary  electrons.16'21  Repeated  scans  of  theC(ls)  peak 
showed  no  significant  loss  of  C  in  thetime  required  (~30 
min)to  record  a  spectrum  likethat  in  Figurel.  However, 
after  ~4  h  of  continuous  X-ray  irradiation  (longer  than 
the  typical  2.5-hr  period  of  data  collection)  a  ~10-15% 
decrease  in  the  C(ls)  intensity  was  noted.  A  further 
discussion  of  possible  damage  effects  follows.  Slow  de¬ 
sorption  near  room  temperature  was  not  a  significant 
factor  because  raising  thesampleto~120  °C  caused  only 
about  a  10%  loss  of  the  C(ls)  intensity  (see  below).  It  is 
noted  that  physisorbed  n-alkanethiol  layers  on  Au(lll) 
exh i  bi  t  a  desor pti on  peak  near  room  temperatu re,22  wh i ch 
i  ndi  cates  that  the  sped  es  observed  herearechemi  sorbed. 
Finally,  XPS  and  electron -excited  Auger  electron  spec¬ 
troscopy  (E  AE  S)  beforedosi  ng,  and  agai  n  after  each  series 
of  experiments,  showed  the  level  of  oxygen  contamination 
to  beat  or  below  the  detection  limit  of  ~0.02  monolayers 
(MLs),  where  one  ML  is  defined  as  one  adsorbate  per 
surfacelatticesite[1.135  x  1015 sites/cm2 on  GaN(OOOl)]. 

The  adsorbate  coverage  and  structure  were  quantified 
using  the  relative  integrated  intensities  of  the  S(2s)  and 
Ga(3s)  XPS  peaks  and  of  the  C  KLL  and  N  KLL  XAES 
structures  (see  below).  The  approximate  1/KE  depen¬ 
dence23  of  the  CM  A  transmission  on  KE  was  taken  into 
account  in  obtaining  the  area  ratios.  The  pairs  of  spectra 
chosen  for  analysis  aredosein  energy,  which  minimizes 
the  error  that  would  result  from  any  residual  KE 
dependence  of  thetransmission.TheS(2s)  peak  area  was 
found  byfi  rstsubtractingthecorresponding  spectrum  for 
the  clean  surface,  scaled  so  as  to  minimize  the  Ga- 
(L  iM  45  M  45)  i  ntensi  ty  i  n  thedifference.  The  S(2s)  spectru  m 
was  then  least-squares  fitted  with  the  sum  of  a  Gaussian 
anda  low-order  polynomial  background  function,  andthe 
peak  area  was  that  of  the  fitted  Gaussian. 

TheGa(3s)  is  overlapped  by  the  strong  background  of 
i nelasti cal  I y  scattered  Ga  3pand  3d  photoelectrons.  As  is 
shown  in  Figure  lb,  this  background  was  greatly  reduced 
using  the  procedu  redeveloped  by  TougaardandJ  ansson.24 
The  two-parameter  universal  scattering  function25  was 
used  with  the"C"  term  fixed  at  1643  eV2.  The  "B"  term, 
which  isa  scalingfactor  needed  to  bring  the  background- 
corrected  i  ntensi  ty  to  zero  at  energi  es  wel  I  bel  ow  the  X  P  S 
structure,  was  found  to  be  2886  eV2,  very  close  to  the 
opti  mum  value25  of  2866  eV2.  This  indicates  that  the  two- 
parameter  function  provides  an  adequate  description  of 
the  background.  After  the  background  correction,  theGa- 
(3s)  peak  area  was  obtained  by  least-squares  fitting,  as 
done  previously,  to  separate  it  from  the  plasmon  (~1300 
eV)  and  Al  Ka3-4  (~1330  eV)  satellites  and  from  the 
background  duetotheGa(3p)  plasmon  loss  peakat~1360 
eV.  Wi  th  the  resol  ut  i  on  used  here  (see  previ  ous  di  scussi  on ) 
theweakS(2p)  peak  cannot  beseparatedfromtheGa(3s). 
H  ence,  the  Ga(3s)  area  was  corrected  by  assumi ng  equal 
intensities1718  for  the  S(2s)  and  S(2p)  peaks. 

Figure  3  shows  the  result  of  applying  the  background 
correction,24  as  was  discussed  previously,  to  the  XAES 
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Figure4.  Schematicdiagramshowingthemodel  for  adsorbed 
1-OT.  Shaded  and  open  circles  show  S  and  C,  respectively,  but 
hydrogens  are  not  shown.  S-C-C  and  C-C-C  bond  angles  of 
109°  are  used,  and  n  =  1  corresponds  to  the  outermost  C  atom. 
Theal  ternatingGa- and  N -layer  structure  of  the  wurtziteGaN 
I  atti  ce  in  the[0001]  direction  is  indicated.  I  nterplanarspacings 
and  atomic  diameters  are  approximately  to  scale. 

data  using  the  three-term  scattering  function25  param¬ 
etrized  for  organic  polymers.  Because  of  the  relatively 
short  effective  electron  attenuation  lengths  (EALs)  for 
theC  KLL  and  N  KLL  spectra  (seeappendix),  much  of  the 
i nelasticscattering occurs  in  thethiol  layer.  With  theterms 
"C"  and  "D"  fixed  at  551  and  436  eV2,  respectively,  the 
scaling  factor  "B"  was  found  to  be~415  eV2,  close  to  the 
optimum  polymer  value25  of  434  eV2.  This  indicates  that 
thethree-termfunction  providesanadequatedescription 
of  the  background,  as  was  found25  for  n-alkanethiols  on 
Au.  The  background  remaining  in  the  vicinity  of  C  KLL 
and  at  a  lower  energy  is  duetotheonset  of  slow-secondary 
electron  emission  and  to  the  tail  of  the  strong  Ga(2p3/2) 
peak  at  132  eV,  which  are  not  included  in  the  background 
correction.  For  N  KLL,  the  area  was  determined  by  the 
numerical  integration  of  the  appropriate  region  of  the 
background-corrected  spectrum.  Figure  3b. 

TheC  KLL  lineshape,  with  an  asymmetry  at  lower  KE, 
i s  si  mi  I ar  tothat  for  gas-phasen-al  kanes.26Thearea  under 
theC  KLL  peakwasobtainedusingtwodistinct  methods. 
The  first  was  by  least-squares-fitting  the  background- 
corrected  C  KLL  spectrum,  Figure  3b,  with  a  sum  of  two 
Gaussians  and  a  low-order  polynomial.  The  use  of  two 
Gaussianswas  simply  an  expedient  means  of  fitting  the 
C  KLL  shape  to  obtain  the  total  area  and  has  no  other 
physical  significance.  In  the  second  method,  the  raw 
spectrum  of  a  clean  surface  [analogous  tothat  in  Figure 
3a]  was  subtracted  from  that  of  the  1-OT -dosed  surface, 
whi  ch  removed  the  N  K  L  L  contri  buti  on  together  with  most 
oftheN  KLL  inelasticbackgroundandGa(2p3/2)andslow- 
secondary  intensities  at  lower  energy.  The  remaining 
spectrum  (not  shown)  was  dominated  by  the  C  KLL 
structure  and  its  inelastic  background.  The  background 
correction24  was  then  applied,  and  the  area  was  found  by 
numerical  integration. Thefinal  C  KLL/N  KLL  area  ratio 
for  thetwo  methods  agreed  to  wi  thi  n  ~10%,  and  theval  ue 
used  i  n  the  fol  I  owi  ng  i  s  the  average  of  the  two. 

2.  Model  for  Adsorbed  Thiol.  Figure  4  shows  a 
schematic  model  for  the  adsorbate,  following  Hansen  et 
al.,17  which  was  used  for  the  quantitative  analysis  of  the 
data.  The  model  will  be  summarized  now,  and  details  of 
the  associ  ated  ca  I  cu  I  at  i  ons  wi  1 1  be  gi  ven  i  n  the  a  ppend  i  x. 
Here,<3c  is  the  increase  in  chain  length  per  added  C  atom. 
Studies17'27'28  of  the  EAL  versus  the  chain  length  in 
n-alkanethiol  SAMs  have  used  6C  =  1.27  A.  As  in  these 


(26)  Houston,  J  .  E.;  Rye,  R.R.J  .  Chari.  Phys.  1981,  74,  71. 

(27)  Laibinis,  P.  E.;  Bain,  C.  D.;  Whitesides,  G.  M .) .  Phys.  Chem. 
1991,  95,  7017. 
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Figure5.  MgKa-excitedCKLL/N  KLL  XAESarearatioversus 
the  tilt  angle  (cf.  Figure  4),  computed  for  one  ML  of  densely 
packed  1-OT  adsorbed  on  GaN(OOOl).  The  point  shows  the 
experimental  value,  scaled  for  the  measured  1-OT  coverage. 
The  error  bar  is  obtained  from  the  statistical  variance  derived 
from  repeated  measurements  and  added  in  quadrature  to  the 
uncertainty  duetothat  in  thecoverage  determination.  Seethe 
text  and  appendix  for  details. 

studies,  the  attenuation  of  underlayer  XPS  and  XAES 
intensities  was  computed  by  treating  the  alkyl  layer  as 
a  continuum  of  closely  packed  C  atoms  with  an  effective 
thickness  of  NTdc  cos  0  (where  A/T  is  the  number  of  C 
atoms  in  the  chain).  The  C  KLL  XAES  intensity  was 
computed  by  summing  the  contribution  from  each  C  in 
the  chain,  weighted  by  the  attenuation  due  to  upper  C 
atoms.  A  similar  approach  has  been  used17'28  to  model  the 
dependenceoftheC(ls)XPS  intensityonthechain  length 
forn-alkanethiol  SAM  son  Au.Thetermdsistheeffective 
height  of  the  S  atom  above  the  surface  Ga  plane  and,  in 
the  model,  also  represents  the  minimum  effective  layer 
thickness  for  alkyl  chains  lying  flat  on  the  surface  (0  = 
90°).  In  EAL  studies,27'28  ds  corresponds  to  the  small 
attenuation  effect  that  is  independent  of  thechain  length. 
HerecSs^  1 A  isused,  which  isapproximatelytheatomic 
radius  of  theS  atom.  It  will  be  seen  below  that  the  exact 
value  of  (5s  has  little  effect  on  the  final  results  of  the 
analysis. 

Figure4  indicates  that  the  maximum  attainable  thiol 
coverage  i  ncr eases  as  0  decreases  and  more  surface  sites 
become  accessible.  However,  as  will  be  shown  in  the 
following,  the  thiol  coverage  can  be  estimated  indepen¬ 
dently  of  0.  With  this  model  and  the  procedure  described 
in  the  appendix,  peak  area  ratios  were  computed  versus 
0and  versus  thethiol  saturation  coverage,  ©j.  The  model 
gives  no  information  concerning  the  twist  angle1  of  the 
chain  about  the  axis  nor  any  details  of  the  chemical 
interaction  between  S  and  Ga. 

The  saturation  thiol  coverage  can  be  obtained  inde¬ 
pendently  of  0  from  the  S(2s)/Ga(3s)  area  ratio  (0.053  ± 
0.005,  average  of  four  runs)  because  both  peaks  are 
attenuated  nearly  equally  by  the  hydrocarbon  layer, 
whatever  its  structure.  The  result,  ©j  =  0.28  ±  0.03  ML, 
is  at  the  low  end  of  the  range  (0.29  to  0.40  M  L )  found  for 
a  wi  de  vari  ety  of  adsorbates6'7  on  th  i  s  su  rface.  TheCKLL/N 
KLL  area  ratio  (0.524  ±  0.06,  average  of  seven  runs) 
depends  on  both  ©j  and  0.  This  ratio  was  computed  for 
©y  =  1  ML  (as  was  defined  previously)  versus  0  with  the 
results  shown  in  Figure  5.  The  measured  area  ratio  was 
then  scaled  by  the  saturation  coverage,  0y  =  0.28  ML,  to 
obtai  n  thedata  poi  nt  shown .  Taki  ng  i  nto  accou  nt  theerror 
bar,  the  result  indicates  a  tilt  angle  of  >72°  with  a  most 
probable  value  of  90°. 

In  principle,  theC(ls)/Ga(3s)  XPS  area  ratio  could  also 
be  used,  but  the  surface  sensitivity  is  poor  because  the 


C(ls)  and  Ga(3s)  EALs  (see  appendix)  are  significantly 
greater  than  the  chain  length.  This  makes  the  depend- 
enceoftheC(ls)/Ga(3s)  ratioon  theti  It  anglemuch  weaker 
than  that  of  the  C  KLL/N  KLL  ratio.  As  a  check,  the  C/S 
atom  rati o (i .e.,  A/t)  was esti mated  using A/T  =  [/ ecu >// sps)]- 
[crS(2s)/crc(is)],  which  appliestoa  flat-lying  monothiol  chain. 
H  ere,  /  x  a  n  d  ox  a  re,  respect  i  vel  y ,  X  P  S  i  ntegrated  i  ntensi  t  i  es 
and  photoionization  cross  sections  (see  appendix).  A 
discrepancy  was  found,  giving  A/T«  10.9  ±  0.7  versus  the 
true  value  of  8.  A  similar  effect  has  occurred  in  studies 
of  n-alkanethiolson  Au,  using /C(is)/I s(2p>-  Himmel  etal.29 
found  an  A/t  of  8  ±  1  for  a  C7  chain,  and  Ishida  et  al.30 
found  ~7.4  for  a  C4  chain.  A  likely  cause,  at  least  in  the 
present  work,  is  an  error  in  determining  / s<2s),  which  is 
very  small  (cf.  Figure  1).  I  f  the  discrepancy  were  removed 
by  arbi  trari  I  y  i  ncreasi  ng  /  S(2s>  and,  thereby,  the  esti  mated 
©t  (to  ~0.39  ML),  the  effect  on  Figure  5  would  be  to 
decrease  the  data  point  to  ~1.5.  This  would  not  change 
the  basic  conclusion  that  0  «  90°  best  accounts  for  the 
data. 

Geometry  indicates  that  the  "footprint"  of  a  flat-lying 
and  straight  1-OT  molecule  (all -trans,  as  in  Figure4)  is 
approximately  54.7  A2.  This  is  the  product  of  a  length31 
of  12.9  A  and  a  width  of  4.24  A  (representing themini  mum 
intermolecular  spacing)1  and  corresponds  to  a  maximum 
coverage  of  1.83  x  1014  molecules/cm2,  or  @y  =  0.16  ML. 
Furthermore,  with  a  Ga-Ga  nearest-neighbor  distance 
of  3.189  A,  each  such  thiol  would  block  theadsorption  site 
and  four  others,  giving  0.20  ML  for  a  maximum  coverage 
(i  ndependently  of  therestriction  imposed  bythemolecular 
packing  density).  Both  these  values  appear  to  be  incon¬ 
sistent  with  the  present  esti  mateof  ©y  =  0.28  ±  0.03  M  L . 

The  present  results  for  the  coverage  and  tilt  angle  can 
be  reconciled  with  the  molecular  "footprint"  given  above 
if  1-OT  assumes  a  configuration  resembling  the  d  phase 
reported32'33  by  Poirier  et  al.  for  decanethiol  on  Au(lll). 
This  involves  a  deviation  from  strict  two-dimensionality 
(termed  "out-of-pl  ane  i  nterdi  gi  tat  i  on  ")  i  n  wh  i  ch  someal  ky  I 
chains  lie  partial ly  on  top  of  others,  with  all  S  atoms  still 
bonded  to  the  surface.  An  alternative  model,  based  on  a 
bilayer  with  a  physisorbed  second  layer,  is  unlikely 
because  of  the  previously  noted  low  (i.e.,  below  ~50  °C) 
desorption  maximum  for  such  weakly  bonded  n-al- 
kanethiol  layers. 

Thetilt  angleobtained  here,  0«  90°,  is  larger  than  the 
result34  for  a  CH3(CH2)i6CH2SH  SAM  on  GaAs(100)  (0  = 
57  ±  3°)  and  much  larger  than  the  value1  of  0  «  30°  for 
n-alkanethiol  SAMsonAu.  However, n-alkanethiolswith 
six-,  seven-  or  ni  ne-carbon  chai  ns  have  been  found29'32'33’35 
to  adsorb  in  a  lying-down  geometry  on  Au(lll)  at  a  low 
coverageand  in  a  tilted  upright  configuration  at  satura¬ 
tion.  I  nail  cases,  thelying-down  n-alkanethiol  chains  were 
found  to  be  straight,  as  are  modeled  in  Figure  4. 

3.  Annealing  Effects.  The  effect  of  annealing  the 
saturatedlayerwasinvestigatedusingtheC  KLL/N  KLL 
area  ratio,  and  the  results  are  summarized  in  Figure  6. 
The  sample  was  raised  to  each  temperature,  the  heater 
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Figure6.  C  KLL/N  KLL  XAES  area  ratio  versus  annealing. 
The  ratio  is  the  observed  value,  not  scaled  for  coverage  as  in 
F  igure5.Thesol  id  I  ine  connecting  the  points  is  simply  a  visual 
aid,  and  different  symbols  show  data  from  different  runs. 

was  switched  off,  and  XAES  data  were  collected  during 
cooling.  Figure 5  shows  that  an  increase  in  the C  KLL/N 
KLL  ratio  would  indicate  the  reorientation  of  the  thiol 
chain  away  from  a  flat  configuration,  a  possiblefirststep 
in  theformation  of  a  SAM .  On  the  other  hand,  a  decrease 
could  be  caused  only  by  desorption  or  decomposition.  The 
results  show  a  monotonic  loss  of  C  with  a  maximum 
desorption  rate  in  the  200-250  °C  range,  although  the 
relative  importance  of  the  C-C  versus  S-C  bond  dis¬ 
sociation  in  the  loss  of  C  cannot  bedeterminedat  present. 
A  qualitatively  similar  loss  in  intensity  was  observed  in 
comparing  the  C(ls)  XPS  data  (not  shown)  before  an¬ 
nealing  and  after  the  last  anneal.  Following  the  last 
anneal,  the  S(2s)/Ga(3s)  area  ratio  (spectra  not  shown) 
indicates  an  ~20%  loss  of  S  relative  to  an  unannealed 
sample  (vs  a  factor  of  ~10  reduction  i  n  C  coverage  shown 
in  Figure  6).  This  indicates  that  a  significant  fraction  of 
the  S  remains  bonded  to  the  surface  under  these  condi¬ 
tions.  Finally,  thecomparison  shown  in  Figure 6 between 
the  effects  of  annealing  in  one,  versus  several,  steps 
suggests  that  the  i  ntensity  change  is  due  to  temperature 
rather  than  to  the  cumulative  effect  of  X-ray  radiation 
damage  in  successive  scans. 

The  loss  of  some  S,  as  well  as  the  continued  slow  loss 
of  C  up  to  450  °C  (the  highest  temperature  studied), 
suggeststheoccurrenceof  competi  ng  reactions  in  addition 
to  the  main  thermal  effect.  Such  processes  could  include, 
for  example,  desorption  of  intact  1-OT  molecules  (as  a 
means  of  losingS  as  well  as  C)  or  adsorption  of  thermally 
generated  hydrocarbon  fragments  on  theGaN  surface(as 
a  means  of  C  retention  at  a  high  temperature).  Previous 
work9  on  the  interaction  of  CH3SH  with  the  GaAs(llO) 
surface  shows  predominantly  desorption  of  the  intact 
mol  ecul  e,  from  a  chemi  sorbed  state,  at  si  i  ghtl  y  above  room 
temperature.  Bondi  ng  in  thecaseof  GaAs(llO)  is  bel  ieved 
to  involve  the  donation  of  S  nonbonding  electrons  to  the 
empty  Ga  dangling  orbital.9  The  apparently  different 
behavior  for  1-OT  on  theGa-polar  GaN  (OOOl)surfacecould 
be  due  to  a  number  of  effects  that  cannot  be  defined  at 
present.  These  include  reactive  surface  defects  (i.e.,  N 
vacancies)  or  the  higher  ionicityoftheGa-N  versusGa- 
As  bond. 

4.  UPS  Data.Theissueof  possibledamagetothethiol 
layer  during  XPS  data  collection  will  now  be  examined 
using  the  He(ll)  UPS  data  shown  in  Figure  7.  The 
spectrum  for  the  clean  surface  has  been  discussed 
elsewhere  (e.g.,  ref  7  and  works  cited).  The  strong  peak 
at  ~15  eV  is  the  "Ga(3d)  level"  [properly  described36  as 
thenonbondingGa(3d)  state],  and  the  weak,  broad  feature 
near  18eV  isthe"N(2s)  level"[properlydescribed36asthe 


12  16  20  24  28  32  36 


Figure  7.  He(ll)  UPS  data  showing  (a)  the  effect  of  1-OT 
adsorption  on  the  dean  surface  and  subsequent  X-ray  irradia¬ 
tion  and  (b)  thecorrespondi  ng  differ ence spectra.  Trace  1  isfor 
the  clean  surface,  trace  2  is  the  spectrum  after  a  saturation 
dose  of  1-OT,  and  trace  3  shows  the  effect  of  a  subsequent  2.5- 
hr  exposure  toX-ray  radiation.  Each  trace  is  theaverage  of  two 
scans  (not  smoothed)  and  has  been  displaced  vertically  for 
clarity. 

Ga(3d)-  N  (2s)  anti  bondi  ng  state].  The  peak  near  22.5  eV 
is  a  "ghost"  of  the  Ga(3d)  excited  by  the  hv  =  48.4  eV 
satelliteofthemain  He(l  l)lineatb\/=40.8eV.Therapidly 
rising  intensity  toward  low  KE  is  due  to  secondary 
electrons  and  to  emission  excited  by  the  much  stronger 
He(l )  line  {hv  =  21.2  eV). 

Upon  1-OT  adsorption,  the  substrate  emission  is 
strongly  attenuated,  as  is  shown  by  the  loss  in  Ga(3d) 
intensity,  and  the  resulting  spectrum  is  then  dominated 
by adsorbatefeatures.  In  principle,  theGa(3d) attenuation 
could  be  used  as  a  check  of  the  adsorbate  layer  thickness. 
However,  the  lack  of  a  reliable  n-alkanethiol  EAL  for 
electron  kinetic  energies  above  1.5  eV  (ref  37)  and  below 
50  eV  (ref  28)  prohibits  this.  Prolonged  X-ray  exposure 
under  the  conditions  used  for  XPS  leads  to,  perhaps,  a 
slight  increase  in  theGa(3d)  intensity,  which  suggests  a 
possi bl e si  i ght  I oss  of  adsorbate  materi al  ,16’21  This  wou I d 
be  consistent  with  the  corresponding  small  decrease  in 
theC(ls)  XPS  intensity  noted  previously. 

1 1  has  also  been  shown21  that  da  mage  can  taketheform 
of  structural  changes  not  necessarily  detectable  as  a  loss 
of  C  atoms.  To  address  this  issue,  difference  data  were 
obtained  by subtractingthedean-surfacespectrum, scaled 
so  as  to  minimize  theGa(3d)  intensity  in  the  difference. 
The  feature  near  15  eV  is  close  to  the  Ga(3d),  and  the 
structured  this  part  ofthespectrum  isdifficulttoobtain 
rel  iably  in  thedifferences.  Theweak  background  emission 
above~32eV  arises  from  excitation  bythe48.4eV  He(ll) 
satellite,  as  was  described  previously. 
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The  major  structure,  in  the  20-30  eV  range,  is  due  to 
the  1-OT  valence  orbitals  and  shows  little  or  no  X-ray- 
induced  change  other  than  a  slight  broadening.  In 
particular,  formation  of  C=C  bonds  due  to  the  loss  of  H 
would  result  in  thegrowth  of  a  band  due  to  the  n  orbital. 
This  isthehighest  occupied  molecular  orbital  (HOMO)  of 
a  simple  alkene  and  lies  well  above  the  bands  due  to 
cr-bonding  orbitals.38  For  free  n-alkanethiols,38'39  the  S 
nonbonding  orbital  is  the  HOMO  and  also  produces  a 
narrow  and  intense  band  lying  above  the  cr-bonding 
orbitals.  Such  a  feature  appears  to  be  absent  for  1-OT 
adsorbed  on  GaN(OOOl),  consistent  with  bonding  via  the 
thiol  group.  However,  the  exact  nature  of  the  adsorbate- 
surface  bond  is  unclear  at  present. 

It,  thus,  appears  that  1-OT  layers  on  GaN(OOOl)  are 
less  susceptible  to  damage  during  XPS  than  are  typical 
n-alkanethiolson  Au.  This  result  is  similar  tothat  found40 
in  a  comparison  of  Au  and  InP  substrates,  for  which  it 
was  suggested  that  a  difference  in  the  yield  or  energy 
distribution  of  secondary  electrons  may  be  important. 

Summary  and  Conclusions 

The  present  work,  together  with  previous  results6  for 
amine  chemisorption,  provides  an  array  of  surface  chem¬ 
istries  suitablefor  functional  izingtheGa-polarGaN  (0001) 
surface.  In  addition  to  amines  and  thiols,  it  seems  likely 
that  organic  alcohols  could  also  be  used  for  this  purpose, 
given  the  chemical  similarity  between  alcohol  sand  thiols 
and  the  high  reactivity7  of  H20  with  this  surface.  With 
the  use  of  quantitative  analysis  of  the  XPS  and  XAES 
intensities,  itwasfoundthat  1-OT  adsorbs  from  the  vapor 
phase  via  the  thiol  group  with  a  saturation  coverage  of 
~0.28  MLs  and  with  the  alkyl  chain  lying  essentially 
parallel  to  the  surface.  Annealing  a  saturated  surface 
above~250  °C  leads  tothe loss  of  a  largefraction  of  initial 
C  but  a  much  sma  1 1  er  f  ract  i  on  of  S .  1 1  was  a  I  so  fou  nd  usi  ng 
UPS  that,  for  1-OT  on  GaN(0001),  little  or  no  damage 
occu  rsduringXPS  under  theconditions  used  here.  Finally, 
it  was  shown  that  C  KLL  XAES  results  can,  in  favorable 
situations,  beauseful  supplementtomorewidelyreported 
C(ls)  XPS  data. 

It  remains  to  be  determined  whether  SAM  formation 
on  t h  i  s  su  rf ace ca n  be  i  ndu ced  by  adsor pt i  on  of  t h  i  ol  s  f  rom 
liquid  media  or  by  very  large  doses  in  UHV.  The  detailed 
nature  of  the  S-Ga  chemical  bond  at  the  surface  is  also 
unknown  at  present. 
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Appendix 

This  section  describestheprocedureforthequantitative 
analysis  of  the  XPS  and  XAES  peak  area  ratios.  With 
reference  to  Figure  4,  theGa(3s)  and  S(2s)  XPS  and  the 
C  KLL  and  N  KLL  peak  areas  are  given  by 
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^ Ga(3s)  ~~  CTGa(3s)[52  eXP^  ^GaN^GaN  C0S  a)l  x 
n= 0 

exp[-(<3s  +  Nt6c  cos  0)/At  cos  a]  (1) 


/ S(2s)  =  ©Tas(2s)  exp(-/VT(3c  cos  4>ILj  cos  a)  (2) 


^ CKLL  —  ©T^CIlsJPcKLL  x 
Nt 

exp[-(n  -  1)(3C  cos  (jr/Aj  cos  a]  (3) 

n= 1 


^  N  KLL  —  CTN(ls)PNKLL  eXP(  ^GaN^GaN  C0S  a)  x 

[£  exp(-ndGaN/2GaN  cos  a)]  exp[-(<5s  + 

n= 0 

Nt6c  cos  0)/AT  cos  a]  (4) 

The  ak's  are  photoionization  cross  sections  at  the  ap- 
propri  ateX-ray  energi es,  given  i  ndependentl y  by  Scot i  el d 
(ref  41)  and  Band  et  al .  (ref  42).  The  rel  ati  veer's  of  i  nterest 
are  practically  identical  in  both  tabulations,  and  recent 
work43  verifies  theaccuracy  of  the  values  used  here.  The 
saturation  thiol  coverage,  0j,  was  defined  previously, 
and  a  =  42°  is  theCMA  collection  angle.  ThepKi_L  terms 
are  the  total  Auger  decay  probabilities  (neglecting  fluo¬ 
rescence  decay)  of  the  C(ls)  and  N  (Is)  core  holes.  These 
are  nearly  equal,  and  the  empirical  values44  of  Ebel  etal. 
were  used  here.  Theinterplanar  spacings,  dGaN  =  2.59  A 
and  <5Gai\i  =  0.648  A,  aredefined  in  Figure4and  obtained 
from  crystal  I  ographic  data.  TheeffectiveEAL  in  thethiol 
layer  (or  in  GaN)  isgiven  bylT  (or  AGaN)-Theterms(5sand 
dc,  defined  in  Figure  4,  were  given  previously. 

Only  relative  intensities  are  used  here,  and  the  CMA 
in  constant-resolution  mode  detects  electrons  of  fixed 
energy.  H  ence,  factors  rel  ati  ng  to  X-ray  fl  ux  and  detector 
efficiency  a  re  sup  pressed,  and  the  raw  data  havealready 
been  corrected  for  the  1/KE  dependence  of  the  CMA 
transmission.  The  XPS  asymmetry  factor,23  which  has 
also  been  omitted,  is  the  same  for  all  s  levels  measured 
under  the  same  conditions  and  cancels  in  the  ratio.  The 
atomic  subshell  occupancy  (n  =  2  for  all  s  levels)  has  also 
been  omitted.  In  the  KLL  intensities,  the  effect  of 
bremsstrahlung  in  producing  core  holes45  is  neglected 
because  it  is  small  and  nearly  the  same  for  Mg  Ka 
excitation ofC(ls) and N (Is).  Final ly,theGa and N  planes 
contain  equal  numbers  of  atoms;  hence,  thesequantitites 
are  also  omitted. 

I  n  eqs  1  and  4,  theL  term  gi  vesthesumof  contri  butions 
from  each  Ga  or  N  plane,  and  terms  in  Ar  give  the 
attenuation  by  thethiol  adlayer.  Ineq2,  the  exponential 
gives  the  attenuation  by  the/VT  =  8carbon  layers,  and  in 
eq  3,  the!  term  gives  the  contri  bution  from  these  layers. 
Theterm  in  (5GaN  in  eq  4  gives  the  (small)  attenuation  by 
the  terminating  Ga  layer. 

Semiempirical  AT  and  lGaN  values  (Table  1)  were 
obtained  from  the  National  Institute  of  Standards  and 
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Table  1.  Effective  EALs  Used  in  the  Data  Analysis3 

quantity  KE  (eV)  EAL  (A) 


At  (eq  3) 

255  (C  KLL) 

11.0 

At  (eq  4) 

375  (N  KLL) 

14.6 

At  (eq  2) 

1254  [S  (2s)] 

39.8 

At  (eq  1) 

1320  [Ga(3s)J 

41.7 

iGaN  (eq  4) 

375  (N  KLL) 

7.27 

^GaN  (eq  1) 

1320  [Ga  (3s)] 

22.0 

alrancUGaN  refertotheattenuation  length  inthen-alkanethiol 
layer  and  in  GaN,  respectively. 


Technology  data  base.  46The2T  val  ues  werecomputed  using 
para  meters47  for  n-paraffi  n  (C26H  54),  a  sol  id  hydrocarbon. 
As  a  test,  val  ues  thus  obtai  ned  at  1150  and  1400  eV  (35.5 
and41.8A,  respectively)weredosetoexperimental  results 
based  on  the  attenuation  of  the  Al  Ka-excited  4d  and  4f 
XPS  peaks  ofa  Au  substrate  by  n-alkanethiol  SAM  layers 
[37  and  45  A  (ref  17);  34  ±  1  and  42  ±  1  A  (ref  27)].  As 
a  further  test,  similar  comparisons  were  done  at  a  lower 
KE.  At  200  and  350  eV,  kT  values  of  9.08  and  13.6  A, 
respectively,  were  computed  versus  the  experimental 
results28  of  9.1  ±  1  and  12.4  ±  1  A.  To  our  knowledge, 
there  is  only  one  report48  of  EALs  in  GaN.  The  calculated 
lean  at  970eV  was  15.4  A  versus  the  experimental  result 
of  20  ±  1  A. 
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With  elasticscattering  included, 462  in  XPS  depends  on 
theangles  made  by  the  surface  normal  with  theincident 
X-raysandwiththephotoelectron  path.  Thelj  calculations 
noted  above  were  performed  for  the  same  geometric 
condi  ti  ons  as  theexperi  ments  and  i  ncl  udetheasymmetry 
parameters49  for  the  Au(4d)  and  Au(4f)  peaks  as  ap¬ 
propriate.  In  the  present  work,  the  X-rays  were  incident 
at  ~60°  relative  to  the  sample  normal,  and  the  XPS  X 
values  in  Table  1  are  averages  over  theCMA  collection 
aperture.  The  variation  over  theCMA  aperture  is  about 
±5%fortheXPS2T  valuesand  about  ±10%  for  theGa(3s) 

7.GaN- 

As  was  noted  i  n  the  text,  a  val  ue  of  <5S  =  1 A  was  used, 
and  a  more  accurate  value  cannot  be  obtained  without  a 
detailed  model  forthegeometryoftheadsorption  site.  An 
upper  limit  on  <5S  would  be~2.3  A,  thesumofthecovalent 
radii  of  Ga  and  S.  Varying  <5S  over  a  range  of  0  to  2.3  A 
caused  a  change  of  only  about  ±10%  in  the  computed  C 
KLL/N  KLL  ratio,  which  is  within  the  experimental  error 
of  the  data  point  (Figure5),  and  had  essentially  no  effect 
on  the  computed  S(2s)/Ga(3s)  ratio  from  which  0y  was 
obtained. 

With  all  the  terms  in  eqs  1-4  now  defined,  0j  can  be 
obtai  ned  from/  S(2s>//  Gaps)  and  the  pi  ot  i  n  F  i  gu re 5  generated. 
The  data  reduction  procedure  was  tested  previously50 
using  the  N  KLL/Ga  LMM  area  ratio  in  EAES  for  an 
atomically  clean  GaN  (0001)  surface  in  an  U  FI  V.  The  N/Ga 
atom  ratiothus  obtained  for  bulk  GaN  was  within  a  few 
percent  of  unity. 
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